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FIBER  OPTIC  COMMUNICATIONS  LINK 
PERFORMANCE  IN  EMP  AND  INTENSE 
LIGHT  TRANSIENT  ENVIRONMENTS 


1 INTRODUCTION 
Background 

When  a nuclear  device  is  detonated,  it  generates 
intense  electromagnetic  radiation  in  the  form  o!  .1 
single  pulse  with  short  rise  and  tall  limes  I he  spci 
tral  energy  that  results  ranges  from  the  low  In. 
quency  band  through  the  ultra  high  frequency  hand 
The  electric  and  magnetic  field  intensities  associated 
with  the  burst  are  extremely  intense  with  I fields 
exceeding  100  OCX)  V/m  (91.440  V yd)  * I hese  111 
tense  fields  pose  hazards  to  sensitive  electronic 
circuitry  because  metallic  circuit  elements  such  as 
w ires  and  printed  circuit  conductors  pick  up  energy 
In  addition,  ground  currents  induced  by  the  nuclear 
electromagnetic  pulse  (EMP)  take  the  path  of  least 
resistance  through  buried  metal  conduits.  These 
conduits  often  connect  facilities,  which,  if  they  are 
EMP  hardened  facilities,  have  steel  liner  plates. 
EMP-induced  voltage  differentials  between  the 
facilities  then  cause  additional  currents  to  flow  on 
the  interconnecting  conduits.  If  the  conduits  provide 
routing  for  signal  and  power  cabling  having  metallic 
conductors,  currents  may  be  induced  on  the  con- 
ductors. 

In  large  weapons  control  facilities,  such  as  SAFE- 
GUARD facilities,  the  conduit  and  wiring  and 
cabling  networks  are  large  and  complex.  The  EMP 
pick-up  from  many  different  ele  nents  may  combine 
at  a given  point  with  phasing  that  produces  a very 
high  magnitude  current  pulse.  This  pulse  can  cause 
damage  to  electrical  or  electronic  instruments, 
monitor  and  control  components,  and  communica- 
tions and  other  equipment.  Thus,  protection  against 
EMP  damage  to  the  weapon  system  must  be  pro- 
vided. 

One  means  of  providing  such  protection  is 
through  use  of  optical  fibers  in  signal-carrying  lines. 
Because  the  fibers  are  electrically  nonconductive  and 
therefore  do  not  carry  induced  currents,  their  use 
would  circumvent  most  of  the  EMP  threat.  Further, 
the  fiber  can  easily  be  routed  through  shielding  liner 


plates  without  compromising  their  shielding  in- 
tegrity. 

Objective 

The  overall  purpose  of  this  study  is  to  derive  infor- 
mation tor  use  in  designing  weapons  control  facilities 
and  other  tvpex  of  facilities  where  EMP  and/or  elec- 
tromagnetic interference  (EMI)  threaten  critical 
communications.  The  information  will  ultimately  be 
incorporated  into  Corps  of  Engineers  guide  specifi- 
cations and  I et  hnical  Manual  (TM)  5-855-5. 1 
Spc,  die  goals  addressed  in  this  report  are  to: 

.1  ( ompare  the  performance  of  a system  having 
.111  optical  data  transmission  link  with  that  of  the 
same  system  using  conventional  twisted  pair  or  co- 
axial cable  as  the  transmission  medium 

b Determine  the  effects  of  high  ambient  light 
levels  on  the  optical  fiber  itself  and  on  its  interfacing 
with  tlie  transmitting  and  receiving  components 

c Establish  a bound  on  the  signal-to-noise  ratio 
to  f>e  anticipated  when  the  EMP  pulse  occurs. 

Approach 

( wo  types  of  systems  were  tested  in  the  laboratory. 

1 lie  first  was  a complete  digital  communications  link 
designed  to  transmit  over  either  an  optical  fiber  or 
conventional  cabling,  i he  second  type  cf  system  was 
a modification  of  the  first,  which  used  a constant 
light  level  transmitter.  1 11  addition,  filtering  was  used 
in  the  second  system  to  reduce  the  noise  on  the  out- 
put signal  and  increase  the  signal  measurement 
range.  Both  systems  used  multimode  glass  fibers  of 
5(X)  dB  km  (8(X)  dB/mi)  attenuation  manufactured 
by  the  Galileo  Electro-Optics  Corporation.  Chapter 

2 describes  the  systems  in  more  detail. 

The  first  system  was  tested  with  the  optical  fiber  in 
a conduit  sample  having  a loose  union  at  its  center. 
An  EMP  current  pulse  of  approximately  200  A peak 
was  injected  into  the  conduit.  The  EMP  rise  time 
was  less  than  10  nsec.  At  the  loose  union,  an  intense 
EMP  field  leaked  into  the  interior  of  the  conduit  and 
illuminated  the  fiber.  The  number  of  errors  made  by 
the  overall  system  was  observed. 


♦Measurements  are  given  in  both  English  and  SI  units.  The 
value  given  first  is  the  unit  the  measurement  was  actually  taken 
in;  the  value  in  parentheses  is  the  equivalent  in  the  unit  of  the 
other  system. 


1 Sin  huii  I ltu  tni»nif>ticin  l*ulw  < SI  \f/M  /Vofivfmu  I M 
>>  s 1 1 h p.n t nu'iit  ol  the  \nm, 


For  comparison,  the  same  digital  system  was 
tested  using  a coaxial  cable,  a twisted  pair  of  wires, 
and  an  untwisted  pair  of  wires  in  the  conduit  as  the 
transmission  media. 

The  second  type  of  system  w as  tested  in  tw  o w ays. 
First,  while  the  fiber  was  transmitting  a constant 
light  level,  it  was  subjected  to  an  FMP  field  with 
peak  magnitude  in  excess  of  1 400  000  V/m 
(1.2S0.160  V/yd!  The  receiving  system  was  then 
monitored  for  any  variation  in  received  light  level 
due  to  the  F.MP  field.  The  system  measurement 
range  was  80  dB. 

In  the  second  test,  the  optical  fiber  and  its  end  fit 
tings  were  subjected  to  an  intense  light  flash  from  a 
commercially  available  electronic  strobe  flash  unit. 
The  light  intensity  was  limited  to  that  generated  by 
the  unit  at  a 1 -ft  (0.3  m)  range.  The  receiver  output 
was  monitored  for  a disturbance  in  received  light 
level.  The  measurement  range  was  87  dB. 

Scope 

this  study  was  not  intended  to  investigate  the 
mechanism  of  interactions  between  the  EMP  and 
data  transmission  lines,  or  to  analyze  the  exact  wav 
in  w hich  the  EMP  caused  an  error.  Consequently,  no 
attempt  was  made  to  quantitatively  extrapolate  the 
severity  of  interference  that  a threat  EMP  would 
cause  on  any  conductors  exhibiting  susceptibility  to 
EMP  in  the  tests. 

Fiber  Optics  Technology 

In  recent  years  both  government  agencies  and 
industry  have  devoted  extensive  efforts  to  developing 
optical  fibers  and  electronic  interfacing  for  use  as 
cummuniations  links.  The  heart  of  such  a system  is 
the  optical  fiber  which  is  used  to  pass  light  from  one 
point  to  another.  The  output  from  a light  source  at 
the  transmitting  end  of  the  fiber  is  optically  coupled 
into  the  fiber.  To  convey  information  across  the 
fiber,  the  light  source  is  modulated,  generally  digit- 
alis. since  nonlinearities  cause  problems  in  transmit- 
ting analog  signals.  The  most  commonly  used  light 
sources  are  light-emitting  diodes  (LEDs).  Use  of 
lasers  is  limited  due  to  their  higher  cost  and  greater 
modulation  difficulties.  Semiconductor  laser  are 
not  widely  used  due  to  their  relatively  short  life  span. 

At  the  receiving  end  of  the  fiber,  a photodetector 
converts  the  light  energy  to  an  electrical  signal  which 
is  then  demodulated  and  or  dccommutated  In  con- 


ventional electronic  systems.  The  most  commonly 
used  photodetectors  are  solid  state  photodiodes  or 
phototransistors.  If  greater  sensitivity  is  required  in 
the  detector,  a photomultiplier  tube  can  be  used. 

In  previous  research,  the  U.S.  Army  Construction 
Engineering  Research  Laboratory  (CERL)  developed 
a fiber  optics  communications  link  for  feasibility 
studies.  This  system  has  previously  been  subjected  to 
intense  EMP  fields  to  show  that  it  is  possible  to 
transmit  error-free  in  an  EMP  environment.  Thus, 
for  practical  purposes,  the  fiber  optics  link  is 
immune  to  EMP. 


£.  EXPERIMENTAL  SYSTEM  DESCRIPTION 
Basic  System 

General 

The  experimentation  w as  performed  on  the  system 
developed  by  CERL  in  previous  studies.  Figure  1 is  a 
block  diagram  of  the  basic  system,  w hich  consists  of 
transmitting  and  receiv  ing  portions.  Communication 
between  the  transmitter  and  receiver  can  be  accom- 
plished through  either  an  optical  fiber  or  conven- 
tional cables,  such  as  a coaxial  cable  or  a differential 
pair  of  w ires.  Simple  switching  is  provided  to  facili- 
tate selection  of  the  transmission  medium. 

Analog  Signal  Source 

The  transmitter  portion  can  accept  either  an 
external  analog  signal  or  an  internally  generated, 
repetitive,  modified  sawtooth  waveform.  It  can  also 
accept  either  eight-bit  parallel  or  serial  digital  input 
signals,  but  these  options  were  not  used  in  this  study. 

Analog  Signal  Sampling 

The  selected  analog  signal  is  sampled  in  an  analog 
to  digital  (A  D)  converter.  Each  analog  sample  is 
(hen  converted  loan  eight-bit  digital  sequence.  The 
A/D  converter  can  thus  distinguish  28  or  256  levels. 
The  sampling  rate  of  1.79  mHz  is  derived  from  a 
3.58  mHz  crystal  oscillator. 

The  eight-bit  digital  sequences  from  the  A/D  con- 
verter are  encoded  into  a serial  bit  train  which  in- 
cludes the  eight  data  bits,  six  parity-checking  bits, 
and  two  synchronization  bits.  Thus,  a total  of  16  bits 
(making  up  a word)  arc  transmitted  for  each  sample 
taken  by  the  A I)  converter.  With  the  1.79  mHz  bit 
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Figure  1 . Basic  system  block  diagram. 


rate,  the  sampling  rate  thus  becomes  approximately 
1 12  kHz.  The  analog  bandwidth  capability  is  there- 
fore 3b  kHz,  or  one-half  the  sampling  rate,  in 
accordance  with  sampling  theory.2 

Error  Correction  Encoding 

The  (14.8)  binary  code  provides  an  error  correc- 
tion capability.  It  can  correct  two  errors  per  word; 
the  errors  can  be  adjacent. 

Synchronization 

Word  synchronization  is  accomplished  using  the 
two  synchn  tization  bits  included  with  each  word. 
The  synchronization  bits  arc  of  the  return  to  zero 
(HZ)  type,  whereas  the  word's  other  bits  are  all  the 
nonreturn  to  zero  (NRZ)  type.  Figure  2 shows  ex- 
amples of  NRZ  data  and  the  HZ  synchronization 
bits.  The  synchronization  bits  are  each  one  cycle  of  a 
square  wave,  starting  at  the  high  or  "one"  level 
during  the  first  half  of  the  bit  time  and  returning  to 
the  "zero"  level  during  the  second  half  of  the  bit 
time.  The  14  data  and  error-correcting  bits  are 
represented  bv  a "one"  level  (high)  or  a “zero"  level 
(low)  for  the  entire  bit  duration.  Pattern  recognition 
logic  circuits  in  the  receiver  portion  recognize  the 
synchronization  bits  to  establish  a timing  reference 
for  detecting  each  data  and  parity-checking  bit  in  its 
proper  time  slot. 

Bit  synchronization  is  accomplished  using  a 
phase-locked  loop  within  the  receiver  portion.  With- 
in the  transmitter,  the  bit  rate  is  controlled  from  a 


crystal  oscillator;  thus,  the  bit  rate  remains  close  to 
the  design  value.  The  phase-locked  loop  therefore 
requires  only  a small  lock-in  and  tracking  range. 
This  is  provided  by  an  integrated  circuit  which  con- 
tains a voltage  controlled  oscillator  (VCO).  a phase 
comparator,  and  a feedback  amplifier  and  filter. 
The  phase  comparator  derives  a voltage  which 
depends  on  the  phase  difference  between  the  in- 
coming digital  signal  bit  rate  and  the  VCO.  This 
voltage  then  changes  the  VCO  frequency  and  phase 
until  an  exact  phase  relationship  (phase  lock) 
occurs. 

Since  the  incoming  data  are  primarily  of  the  NRZ 
type  and  have  transitions  only  at  the  end  of  a bit 
interval  (if  the  bit  polarity  changes),  no  spectral 
energy  is  present  at  the  bit  rate  frequency.  Circuits 
are  thus  provided  to  modify  the  spectrum  of  the 
signal  for  application  to  the  phase-locked  loop.  This 
is  accomplished  by  a series  of  inverters  and  an  Exclu- 
sive OR  circuit.  The  series  of  inverters  creates  a fixed 
time  delay.  The  time-delayed  signal  is  then  com- 
pared with  the  original  signal  in  the  Exclusive  OR 
circuit.  The  result  is  a positive  pulse  (of  fixed  width 
equal  to  the  time  delay  of  the  inverters)  for  each 
transition  of  the  incoming  data.  The  signal  thus  pro- 
duced has  spectral  power  density  at  the  bit  rate  fre- 
quency and  allows  for  satisfactory  phase-locked  loop 
operation. 

Optical  Link 

The  optical  link  consists  of  the  optical  fiber,  the 
light  source,  and  the  light-sensitive  detector.  Two 
optical  fibers  of  the  same  type  were  used — one  20  ft 
(b.l  m)  long  and  one  bO  ft  (18.3  nt)  long.  The  longer 
fiber  was  required  for  EMP  field  exposure  testing 


?H.  S.  Black.  Mttdulation  Theory  (Van  Nostrand  Co..  Inc.. 
1954).  Chapter  4 
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Figure  2.  NRZ  data  and  synchronization  bits  in  word  format. 


due  to  test  setup  dimensions.  Both  optical  fibers 
were  manufactured  by  Galileo  Electro-Optics  Corpo- 
ration as  number  045A2K.  They  were  multimode, 
had  SOOdB/km  (800  dB/mi)  attenuation,  and  were 
polyvinyl  chloride  (PVC)  jacketed.  The  black  PVC 
jacketing  is  designed  to  protect  the  fibers  and  pre- 
vent ambient  light  from  causing  unwanted  signals. 
The  cost  for  small  quantities  of  the  fiber  is  $. 75/ft 
(S2.13/m).  The  fibers  were  fitted  with  standard 
brass  couplings  at  each  end  for  mating  with  the  LED 
and  photodiode  detector. 


register  to  provide  reconstructed  words  which  are 
then  sequenced  through  a second  shift  register  with 
an  eight-bit  parallel  output.  This  output  is  either 
directly  available  or  available  from  a resistive  ladder 
network  which  converts  the  digital  input  to  an 
analog  output.  This  digital  to  analog  (D  A)  conver- 
sion thus  reconstructs  the  original  analog  signal 
applied  to  the  transmitter  portion  of  the  system,  and 
the  link  is  complete. 

Modified  System 


The  light  source  was  a Texas  Instruments  TIL  31 
high-power  infrared  LED.  The  TIL-31  is  capable  of 
a maximum  light  output  of  6 mW.  with  rise  and  fall 
time  capability  of  10  nsec.  A bandwidth  capability  of 
about  30  mHz  is  thus  available;  this  is  more  than 
adequate  for  the  1.79  mHz  bit  rate. 

To  provide  maximum  light  output,  the  LED  re- 
quires approximately  200  mA  of  current  drive,  which 
is  provided  by  the  LED  driver  circuit  within  the  re- 
ceiver. Light  detection  is  accomplished  by  an 
avalanche  photodiode  (Texas  Instruments  Company 
type  TIXL56)  having  its  response  matched  to  the 
LED  output.  The  photodiode  output  is  amplified  by 
a wideband  amplifier  made  up  from  an  integrated 
circuit  operational  amplifier. 

Decoding  and  Digital  to  Analog  Conversion 

The  decoder  accepts  the  reconstructed  data  signal 
(from  the  input  inverters  following  (he  photodiode 
amplifier)  and  bit  and  word  synchronization  pulses 
and  performs  parity  checking;  if  errors  are  present, 
(hey  are  corrected  to  the  extent  possible.  The  recon- 
structed data  bits  are  then  synchronized  in  a shift 


For  the  ambient  light  pickup  and  EMP  pickup 
tests,  the  system  was  modified  to  use  only  an  LED 
driver,  the  LED,  the  optical  fiber,  the  photodiode, 
and  the  wideband  amplifier.  The  modification  was 
necessary  to  allow  measuring  only  those  variations  of 
a fixed  level  that  were  caused  by  the  applied  disturb- 
ances. In  addition,  filtering  was  used  to  reduce  the 
noise  on  the  output  signal  and  increase  the  signal 
measurement  range. 

3 EMP-INDUCED  BIT  ERROR  TESTS 
Test  Method  and  Objective 

The  EMP-induced  bit  error  tests  were  performed 
to  evaluate  the  susceptibility  of  the  fiber  optic  system 
to  EMP  and  to  compare  its  performance  with  that  of 
a system  using  conventional  metallic  transmission 
lines.  The  primary  emphasis  of  this  testing  phase 
was  to  evaluate  the  susceptibility  of  the  data  trans- 
mission system  to  signals  which  leak  through  cou- 
plings or  unions  into  conduits  carrying  data  trans- 
mission lines  However,  because  it  was  felt  that  addi- 
tional information  could  be  obtained  by  evaluating 
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the  effect  of  continuous  wave  (CW)  irradiation,  the 
testing  program  also  included  direct  CW  irradiation 
of  the  union. 

The  approach  used  in  both  the  injected  EMP  cur- 
rent and  radiated  CW  evaluations  was  to  install  the 
optical  liber  or  cable  to  be  evaluated  in  one  conduit 
of  a parallel  conduit  transmission  line.  The  com- 
munications link  was  then  interfaced  with  the  liber 
or  cable,  and  data  were  transmitted.  The  interfering 
energy  was  applied,  and  the  receiver  system  moni- 
tored to  determine  the  number  of  errors  which 
occurred. 

Test  Setup  for  Injected  Current  EMP  Tests 

The  injected  current  EMP  test  setup  was  similar  to 
the  basic  system  described  in  the  previous  chapter. 
Figure  3 is  a schematic  of  the  test  setup.  Essentially, 
it  consisted  of  the  data  transmission  system,  its 
shield,  and  a pulser  to  inject  the  EMP. 


DC  power  supply,  and  a sulfur  hexafluoride  (SF^I 
pressurized,  adjustable  spark  gap  used  to  set  the 
firing  voltage  (V0).  The  conduit  containing  the  data 
transmission  line  formed  the  ground  side  of  a 
parallel  conduit  transmission  line,  which  was  termi- 
nated in  a resistance  (R0>  very  near  its  characteristic 
impedance. 

The  rise  time  of  the  applied  pulse  was  less  than  10 
nsec.  The  fall  time  ( tq)  was 

= K0C0 

so  that  the  pulse  ( I T)  was  essentially  of  the  form 

i -l 

Mt)  ~ ‘o1- 

where 


and 

To  = Rq  C q 


As  previously  described,  the  data  transmission 
system  consisted  of  a transmitter,  data  transmission 
line,  and  receiver.  The  shield  included  the  box  for 
the  transmitter,  the  conduit  through  which  the  data 
transmission  line  passed,  and  the  shielded  room  for 
the  receiver  and  other  electronic  equipment.  The 
pulser  consisted  of  a 0.02 -pF  capacitor  (Co).  0-50  kV 


For  the  present  case.  Yr  30.000  V,  R0  = 197  ohms, 
and  C0  = 02  pF.  T hus,  the  pulse  used  for  these  tests 
had  a 1 50-amp  peak  current  and  a fall  time  of  4 psec: 


!(t,  = I50c 


4 psec 


1 1 


Figure  4 shows  a typical  pulse. 
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Figure  4.  Typical  injected  current  pulse. 

i i -n  — 1/4  sec  . 

I ( T)  = 1 50  e A 

Scale:  25  A vertical  division 

1 ftsec  horizontal  division 

Although  the  applied  current  pulse  is  well  charac- 
terized. the  electromagnetic  fields  which  leak  into 
the  conduit  are  not  easily  determined;  they  depend 
largely  on  the  condition  of’ the  union  which  joins  the 
two  conduit  sections.  Care  was  taken  to  insure  that 
the  condition  of  the  union  remained  the  same  so  that 
the  results  of  the  various  tests  could  be  compared. 

During  the  test,  the  pulser  was  free  running  and 
injected  a pulse  every  6 to  10  sec.  Errors  produced  in 
the  data  were  determined  by  counting  the  error 
correction  pulses  from  the  decoder  in  the  receiver. 
The  pulses  injected  during  the  test  were  counted  on  a 
Beckman  Model  73b0  Universal  EPUT  and  Timer. 

Four  types  of  data  transmission  lines  were  tested: 

a.  An  untwisted  pair  of  no.  22  wires  about  20  ft 
(b.l  m)  long,  with  a short  piece  of  coaxial  cable 
clipped  at  each  end* 

b.  A twisted  pair  of  no.  22  wires  (with  about  10 
turns  ft)  about  20  ft  (b.l  m)  long  with  a short  piece 
of  coaxial  cable  clipped  at  each  end* 

c.  A length  of  coaxial  cable  (KG  58/U)  about  20 
ft  (b.  1 m)  long 

d.  The  optical  fiber  described  previously. 

* I he  short  coastal  cable  piece*  were  tiset)  to  enable  shieltlme  el 
each  conduit  end  and  contact  between  the  shielding  material  and 
the  coaxial  cable's  outer  shield 


In  the  case  of  the  metallic  conductors,  it  was  felt 
that  interference  with  transmission  might  be  caused 
by  direct  superposition  of  the  EMP  onto  the  trans- 
mitted data  signal  or  by  its  being  carried  along  the 
line  into  the  shielded  enclosures  and  onto  the  elec- 
tronic equipment.  To  study  the  EMP  effect  on  the 
data  transmission  alone,  a BNC  barrel  w as  placed  in 
the  line  at  each  end,  and  the  conduit  end  was  packed 
with  steel  wool  which  contacted  the  barrel  and  con- 
duit. For  comparison,  the  tests  were  repeated  with- 
out the  steel  wool  packing.  Figures  S.  b.  and  7 show 
the  conduit  end  and  transmitter  and  receiver  shield 
boxes. 

Test  Setup  for  CW  Tests 

The  CW  test  setup  w as  essentially  the  same  as  the 
pulse  test  setup,  except  that  the  union  was  irradiated 
rather  than  being  subjected  to  an  injected  current. 

The  union  was  twice  irradiated  in  the  200  kHz  to 
100  ntH/  range  using  loop  antennas:  once  with  the 
plane  of  the  antenna  parallel  to  the  conduit  and  once 
with  it  perpendicular  to  the  conduit.  The  union  was 
also  irradiated  at  2.5  GHz  using  u horn  antenna. 

Test  Results 

Table  1 summarizes  the  test  results  for  all  four 
data  transmission  lines. 

Untwisted  Pair  of  Wires 

T he  results  validated  the  assumption  that  the  un- 
twisted pair  of  w ires  was  the  worst  case  of  the  four 
data  transmission  lines  (4b3  errors  produced  by  bOO 
pulses  [errors  pulse  - . 772 J) . Figures  ha  and  b show 

T»b!:  I 

Summun  of  Pulse  Test  Results 


Test  Item 

No.  Pulses 

No.  hrrom 

i irors  Pulse* 

I'ntwisted  Pair 

600 

463 

"22 

td  Wires 

1500)** 

(966) 

0.932) 

1 u isted  Pair 

1 100 

19 

or 

ol  Wires 

1500) 

C7t» 

0.552) 

l oa.xial  C able 

1000 

0 

.000 

1500) 

(454) 

l .908) 

Optical  l iber 

15(H) 

0 

.000 

1 \\erajje  number 

ot  errors  per 

pulse.  In  reality,  some  pulses  pro 

dtieecl  no  errors 

while  others 

produced  several. 

‘ Numbers  in  [wen theses  are  results  obtained  with  steel  wool 
packing  removed.  » I he  optical  libel  was  not  packed  with  steel 
wool.) 


v.  -s.  3L&, 


figure  5.  I ransmitter  (left)  and  optical  Tiber 
leading  into  conduit  (right). 


1 inure  6.  Coaxial  cable  tes'  setup  show  ing 
transmitter  on  the  right.  Transmitter  output 
is  attenuated  b\  the  potentiometer  at  center 


f igure  7.  Coa  via  I cable  test  setup  showing 
cable  coin  into  shielded  enclosure. 

Note  the  steel  wool  packing. 


I'.  Note  the  displacement  upward  at  left. 


the  F,MP  signal  induced  on  the  pair  of  wires.  Due  to 
the  additive  exponential  pulse,  the  system  with  un- 
twisted pair  of  wires  may  make  errors  in  the  detec- 
tion process. 


f igure  H.  I VIP  effects  on  untw  isted  pair. 

worst  ease — the  untwisted  pair — under  the  normal 
test  setup  (with  the  union  loosely  connecting  the  two 
conduit  sections),  no  t'W  tests  were  performed  on 
the  other  data  transmission  lines. 


1 he  C W tests  conducted  w ith  the  loose  union  pro- 
duced no  errors.  In  general,  no  errors  were  produced 
even  with  the  union  open  (i.e..  the  two  sections  ot  the 
conduit  were  not  connected)  except  at  CW  frequen- 
cies ol  f I mHz.  ti5  mHz.  and  100  mHz.  These  errors 
appeared  to  he  due  to  a resonance  (antenna)  effect, 
since  the  wavelength  at  t>5  mHz  roughly  corre- 
sponded to  the  length  of  the  conduit  and  data  trans- 
mission line.  The  CW  tests  at  2.5  GHz  produced  no 
errors. 

In  view  ol  the  lack  of  CW-induced  errors  on  the 


Twisted  Pair  of  H ires 

I he  19  errors  produced  bv  the  tw  isted  pair  of  wires 
in  1 100  pulses  indicates  that  it  is  significantly  less 
susceptible  to  FMP  than  the  untwisted  pair;  how- 
ever. it  is  by  no  means  error-free. 

Coaxial  Cable 

With  no  errors  produced  in  KMK)  pulses,  the  co- 
axial cable  appears  to  possess  the  least  susceptibility 
to  I MP  ot  am  of  the  three  metallic  conductors. 
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Removal  <>l  Steel  Wool  Packing 

Since  EMP  could  also  attest  data  transmission  it  it 
were  carried  along  the  data  transmission  line  and 
onto  electronic  equipment,  the  steel  wool  packing 
was  removed  from  the  ends  of  the  conduit,  and  the 
test  was  repeated.  Under  this  test  condition.  454 
errors  were  produced  by  the  coaxial  cable  in  500 
pulses.  Table  1 also  presents  data  tor  the  pairs  of 
wires  with  the  steel  wool  removed. 

Optical  Fiber 


I he  Hash  unit  used— a Yashica  Model  PRO-50 
DX  had  a flash  energy  of  1 100  beam  candlepower- 
seconds  (guide  number  of  33  for  an  ASA  film  speed 
of  25)  I he  flash  duration  was  measured  by  exposing 
the  open  end  of  the  fiber  to  a flash  and  observing  the 
resultant  pulse  on  the  oscilloscope.  Figure  10  shows 
an  oscilloscope  photograph  tit  the  pulse,  which  indi- 
cated just  over  2 msec  Hash  duration  or  slightly 
under  1 500  of  a second.  Because  an  electric  field  is 
generated  when  the  Hash  is  fired,  the  Hash  unit  was 
placed  outside  the  shielded  enclosure  to  prevent 
radiation  signals  front  causing  erroneous  indications. 


The  optical  fiber  data  transmission  line  produced 
no  errors  during  1510  pulses. 


HIGH-INTENSITY  LIGHT 
EXPOSURE  TEST 

Test  Method  and  Objective 

The  purpose  of  the  high-intensity  light  exposure 
test  was  to  determine  whether  exposure  to  a 
high-intensity  Hash  of  light  induces  any  measurable 
signal  on  an  optical  fiber  jacketed  with  black  PVC 
designed  to  prevent  such  unwanted  signals  I'he 
approach  used  was  to  establish  a fiberoptic  link  with 
the  fiber  transmitting  a constant  light  level;  the 
detection  system  provided  a voltage  output  which 
depended  on  the  light  level  transmitted.  The  fiber 
was  then  subjected  to  an  intense  Hash  of  light  and 
the  detector  output  monitored  for  indicated  varia- 
tions in  received  light  levels. 

Figure  4 is  a block  diagram  of  the  test  setup.  The 
modified  fiber  optic  link  system  described  in 
C hapter  2 was  used  in  the  testing;  it  consisted  of  an 
LED  driver,  LED,  optical  fiber,  photodiode,  and 
broadband  amplifier.  The  LE  D driver  consisted  of  a 
DC  power  supply  and  a resistor.  The  current 
through  the  diode  was  adjusted  to  provide  near 
maximum  output  from  the  LED. 

The  optical  fiber  was  placed  inside  a specially  con- 
structed 24  in  . x 12  in.  x IS  in.  (61  cm  x 30  cm  x 
46  cm)  flash  cabinet  for  subjection  to  intense  light 
Hashes  The  cabinet  included  a mounting  for  an 
electronic  strobe  Hash  unit  and  had  small  holes  lor 
entrance  and  exit  ot  the  fiber.  The  cabinet  was  lined 
with  aluminum  toil  to  reflect  the  light  and  to  help 
insure  even  exposure  of  all  possible  surfaces  ot  the 
fiber.  The  cabinet  was  made  light-tight  using  foil 
stripping  and  aluminum  foil  tape. 


To  trigger  the  oscilloscope  when  the  Hash  fired,  a 
trigger  loop  was  made  bv  wrapping  a no.  22  wire 
around  the  flash  unit  20  times.  The  loop  was  then 
connected  to  a 50-ohm  coaxial  cable  and  a feed- 
through connector  into  the  shielded  enclosure. 

The  optical  fiber  was  run  troni  the  LED.  through 
the  Hash  cabinet,  to  the  photodiode  inside  the  enclo- 
sure; 10  ft  13  nt)  of  the  fiber  were  placed  inside  the 
flash  cabinet.  A constant  DC  level  of  5 V was  applied 
to  the  LED  driver  with  a resultant  constant  light 
level  transmitted  through  the  optical  fiber.  The 
oscilloscope  was  operated  in  the  AC-coupled, 
externally  triggered  mode  to  allow  observation  of  the 
signal.  Two  operators  were  used— -one  operated  the 
Hash  unit  outside  the  shielded  enc'osure  and  the 
other  operated  the  oscilloscope  and  camera  inside 
the  shielded  enclosure. 

An  evaluation  of  the  lest  setup  showed  that  the 
amplifier's  high  frequency  noise  amplitude  was 
about  50  ntY;  filtering  was  therefore  necessary. 
Since  any  signal  due  to  the  Hash  would  be  of  the 
same  duration  and  general  waveform  as  the  Hash 
itself,  the  filter  was  designed  to  pass  a 2-ntsec  pulse 
and  to  reject  high  and  low  frequency  noise. 

Filtering  was  accomplished  by  a General  Radio 
1452  Universal  Band  Pass  Filter  set  tor  a pass  band 
of  500  to  3000  11/  This  filter  is  an  active  filter  oper- 
ated front  1 15  Vac.  The  60-11/  component  found  on 
its  output  necessitated  adding  an  additional  filter  to 
further  attenuate  low  frequencies.  The  noise  level 
after  filtering  was  reduced  to  approximately  0.2-m\ 
peak  to  peak  The  signal  level  for  the  system  was 
about  5 V on  the  output,  giving  a range  of 

20  log  ^.S'^"al  =87.4dB 
' V noise 

That  ts.  it  was  possible  to  determine  whether  the 
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f inure  >».  I esl  setup  lor  linht  Hash  tests. 


Figure  10.  Photodetector  amplifier  output  for  direct 
exposure  to  Hash. 

Scale:  5 V vertical  division 

I msec  horizontal  division 

Hash  would  cause  a signal-to-noise  ratio  ot  less  than 
87.9  dB.  The  oveiall  response  ot  the  filler  to  the 
expected  pulse  was  checked  In  ' illuminating"  the 
fiber  end  by  the  flash  and  observing  the  overall  out- 
put. This  resulted  in  a signal  similar  to  the  Hash  re- 
sponse curve,  indicating  that  the  filter  did  pass  the 
flash  signal  and  would  pass  any  signal  resulting  from 
light  leakage  through  the  fiber  jacket. 

Test  Results 

None  of  the  oscilloscope  traces  indicated  any  dis- 
turbance due  to  exposure  to  the  Hash  ot  light.  Five- 
photographs  were  taken  to  insure  repeatability. 
Additional  experimentation  performed  to  show  the 
el  feet  of  exposure  of  the  fiber  couplings  to  the  light 
Hash  also  showed  no  measurable  disturbance  ol  the 
transmitted  light  level.  Additional  experimentation 
with  zero  lieht  level  transmitted  by  the  fiber  li.c.. 
with  the  I I I)  driver  off)  also  resulted  in  no  detect- 
able signal,  thus,  the  black  PV(  jacketing  insured  at 
least  in  H".9  dB  signal  to-noisc  ratio  during  the 
transient . 

_ HIGH-INTENSITY  ELECTRIC  FIELD 
O EXPOSURE  TEST 

Test  Method  and  Objective 

I be  purpose  of  the  high-intensity  electric  field 
exp-  sure  test  was  to  determine  the  effect  of  a high 


intensity  electric  field  on  an  optical  fiber.  The  ap- 
proach used  w as  to  set  up  a fiber  optic  link  transmit- 
ting a fixed  li.c.,  nonvarying)  light  level,  subject  the 
optical  fiber  to  an  intense  EMP  field,  and  measure 
variations  in  the  transmitted  light  due  to  the  field 
exposu  re. 

Figure  I 1 is  a block  diagram  of  the  test  setup.  The 
fiber  optic  link  used  w as  the  same  as  that  used  in  the 
high-intensity  light  exposure  test. 

The  CF.RL  Coaxial  Electro-Magnetic  Pulse  Simu- 
lator (CEMPS)  was  used  to  generate  the  EMP.  The 
TEMPS  is  a rectangular  coaxial  transmission  line 
consisting  of  a frame  structure  with  an  outer  wire 
mesh  at  ground  potential,  and  a flat  plane  center 
conductor.  The  separation  between  the  central  plane 
and  the  outer  conductor  is  1 m (1.1  yd).  The  central 
conductor  is  connected  through  a tapered  section  to 
a 150.000-Y  spark  gap  pulser.  With  the  pulser  oper- 
ating at  ISOkY.  electric  fields  greater  than  150  kV  m 
(1.17  k\  yd)  can  be  generated  within  the  simulator. 

To  generate  the  required  electric  field  intensity  of 
I 000  000  V m (914.400  V yd),  an  extra  plate  was 
placed  inside  the  CEMPS  parallel  to  the  plane  of  the 
center  conductor  and  connected  to  the  outer  con- 
ductor. The  support  for  the  added  plate  was  con- 
structed so  that  its  height  could  be  varied,  thus 
allow  ing  control  of  the  separation  between  the  added 
plate  and  the  center  conductor,  which  in  turn  con- 
trols field  intensity. 

Care  had  to  be  taken  that  the  separation  was  not 
too  small,  thus  causing  the  air  to  break  down  and 
arcing  to  occur.  Since  breakdown  for  air  is  approxi- 
mately 23.6  kV  cm  (59.9  k\  in.)  for  an  intensity  of 
1 000  000  \ m (914.400  Y yd),  a plate  separation  of 
42.4  cm  (16.7  in.)  would  normally  be  required.  Due 
to  the  short  duration  ol  the  pulse,  however,  using  a 
plate  separation  of  only  10  cm  (3.9  in.)  was  possible. 

f o determine  the  electric  field  intensity  versus 
pulser  voltage,  electric  field  measurements  were 
made  with  an  electric  field  sensor.  Measurements 
were  made  at  low  pulser  voltages,  and  a multiplying 
factor  determined.  I he  sensor  was  not  used  with 
high  voltage  because  of  possible  arcing  between 
plates  and  sensor  Flic  multiplying  factor  deter 
mined  was  12  \ m (II  V yd)  per  volt  from  the 
pulser.  I here  fore  the  pulser  could  be  operated  tit  120 
k\  to  generate  an  electric  field  intensity  ot  1.44 
MX  m 1 1 3 MX  vdt  between  the  plates;  this  pulser 
voltage  was  used  in  the  testing.  Figure  12  is  a trace  of 


re  II.  lost  setup  for  F.MP  effect  test. 
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Figure  12.  Typical  pulse  from  e-field  sensor  for 
simulator  EMP  measurements. 

Scale:  1 V /vertical  division 

200  nsec/horizontal  division 

a typical  electric  Field  measurement.  The  duration  of 
the  entire  pulse  is  about  I fjsec. 

The  60-ft  (18.3  nt)  length  of  optical  fiber  was  used; 
20  ft  (b.  1 m)  of  the  fiber  were  placed  between  the  two 
plates,  and  the  remainder  was  used  in  going  to  and 
from  the  shielded  enclosures. 

The  fiber  was  wrapped  around  a 6 in.  x 6 in.  x 2 in. 
(15.2  cm  x 15.2  cm  x 5.1  cm)  cutout  cube  of  poly- 
styrene; the  permeability  of  polystyrene  is  suffi- 
ciently close  to  that  of  air  to  prevent  excessive  distor- 
tion of  the  electric  field.  The  fiber  was  oriented  in 
three  ways  inside  the  field  to  eliminate  any  possibility 
that  a cancellation  effect  was  occurring  in  a particu- 
lar orientation: 

a.  the  loops  of  liber  were  placed  parallel  to  the 
two  conductors 

b.  the  loops  were  placed  perpendicular  to  the  con- 
ductors 

e.  the  fiber  w as  mounted  on  a sheet  of  cardboard 
in  a zig-zag  fashion,  not  overlapping  itself.  Figure  13 
shows  the  different  orientations. 

1 he  111)  and  DC  voltage  drivers  were  placed  in 
. .tie  shielded  enclosure  to  eliminate  the  possibility  of 
.in  al  being  induced  on  the  LIT)  or  driving 
sisien  ■ the  pulse.  The  lib  i was  passed  through 
tin  field  into  the  other  shielded  enclosure  containing 


the  detection  system.  Because  the  liber  was  longer 
than  those  used  in  the  previous  experiments,  greater 
attenuation  occurred  with  only  a 2-V  output  signal. 

The  high  frequency  noise  level  of  the  output  of  the 
amplifier  circuit  was  about  50  mV.  so  filtering  was 
necessary.  In  selecting  filter  parameters,  it  was 
assumed  that  if  a detectable  disturbance  in  light 
transmission  bv  the  fiber  occurred,  its  characteristics 
would  be  similar  in  time  and  frequency  content  to 
those  of  (he  applied  EMP  pulse.  A filter  was  there- 
fore designed  to  pass  the  1-psec  pulse  shown  in 
Figure  12.  The  filter,  shown  in  Figure  14,  was  a 
band-pass  type  with  lower  and  upper  corner  fre- 
quencies of  500  kHz  and  5 mHz,  respectively. 

Although  a noise  level  of  0.4  mV  was  still  present 
after  filtering,  further  filtering  was  not  possible, 
since  the  frequency  of  the  noise  was  w ithin  the  spec- 
trum of  the  expected  signal.  Figure  15,  which  is  a 
picture  of  six  consecutive  oscilloscope  traces  of  the 
noise,  shows  that  the  traces  have  similar  appear- 
ances, but  do  not  occur  at  the  same  time.  The  fourth 
and  fifth  traces  look  alike,  but  the  fifth  trace  lags  the 
fourth  by  about  0,5  psec.  Examining  many  traces 
indicates  that  the  noise  pulses  occur  randomly  in 
time. 

Because  of  the  random  nature  of  the  noise,  a 
multiple  exposure  picture  of  many  traces  would  inte- 
grate the  traces  into  a broad,  straight  trace  line;  any 
repeating  signal  would  cause  a shift  or  change  in  the 
baseline  of  the  wide  trace.  This  technique  of  multiple 
exposure  was  used  to  improve  the  measurement 
range  as  much  as  possible. 

To  trigger  the  oscilloscope,  a loop  of  wire  was 
passed  out  of  the  enclosure  and  connected  to  the 
external  trigger  input  on  the  scope.  Operating  the 
scope  in  the  external  trigger  mode  insured  that  all 
displayed  traces  would  have  the  same  time  relation- 
ship relative  to  the  applied  EMP. 

Test  Results 

Figures  lb,  17.  and  18  are  multiple  trace  oscillo- 
scope photographs  showing  the  results  for  the  fiber 
in  parallel,  perpendicular,  and  zig-zag  orientations. 
As  can  be  seen  from  (he  pictures,  no  detectable 
a deviation  of  I mm  (.04  in.),  or  a 0.2-mV  deviation 
and  a constant  2 A I )(  signal  gives  it  a measurement 
range  ol  80  dB.  I Inis,  if  there  was  any  effect  on  the 
fiber,  ii  was  more  than  HO  dB  below  the  normal  sig- 
nal level. 
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Figure  14.  Band-pass  filter. 
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Figure  15.  Six  consecutive  traces  from  photodetector 
amplifier  during  F.MP  subjection. 

Scale:  2 mV  vertical  division 

1 msec  horizontal  division 


Figure  16.  Multiple  trace  photo  for  parallel  fiber 
orientation. 

Seale:  2 mV  vertical  division 
I msec  horizontal  division 


Figure  17.  Multiple  trace  photo  for  perpendicular 
fiber  orientation. 

Scale:  2 mV  vertical  division 

1 msec/horizontal  division 


Figure  18.  Multiple  trace  photo  for  zig-zag  fiber 
orientation. 

Scale:  2 nt V./  ertical  division 

1 msec/horizonta!  division 


6 CONCLUSIONS 

As  expected,  the  EMP  produced  no  interference 
with  data  transmission  via  the  optical  fiber  system. 
Also  as  expected,  of  the  four  data  transmission  lines 
tested — the  untwisted  pair,  the  twisted  pair,  the  co- 
axial cable,  and  the  optical  fiber — the  untwisted  pair 
was  the  worst  case.  The  tests  without  steel  wool 
packing  at  the  ends  of  the  conduit  demonstrated  that 
a metal  conductor's  data  transmission  line  may  per- 
mit an  EMP  to  be  conducted  into  the  shielded  enclo- 
sure: such  a problem  docs  not  exist  with  the  optical 
fiber. 

The  tests  qualitatively  demonstrated  the  metallic 
conductors’  susceptibility  to  EMP  at  low  levels.  The 
optical  fiber  was  found  to  provide  error-free  data 
transmission  under  the  same  test  conditions. 

The  high-intensity  light  transient  testing  showed 
that  black  polyvinyl  chloride  jacketing  over  the  fiber 
insures  at  least  an  87.9  dB  signal-to-noise  ratio 
during  the  transient.  For  practical  purposes,  the 
fiber  can  therefore  be  considered  immune  to 
ambient  light  flashes. 


Exposure  of  the  fiber  to  an  EMP  of  1 000  (XX) 
V m (914.400  V yd)  created  no  measurable  noise 
signal.  The  system's  dynamic  range  was  such  that  a 
signal-to-noise  ratio  of  at  least  80  dB  can  therefore 
be  assured . 
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